This paper presents several matters that should be considered when planning the design of a new concert hall: (a) choosing between a shoebox, surround or fan shaped hall; (b) suggested minimum and maximum number of seats in each shape; (c) the effect of the audience-seat upholstering on the acoustics and on the cost of the building; and (d) the effect on bass perception due to the walls' weight and the mid-frequency sound absorption.
INTRODUCTION
Briefly discussed is the change in architectural design of concert halls since early in the twentieth century to the present time. The growth of sound in a concert hall is reviewed with emphasis on hearing the direct sound clearly. Next, comes the desirability of hearing early lateral reflections, i.e., those from side walls. The strength (loudness) of the orchestral sound follows with emphasis on the degree of seat upholstering and the cubic volume of the hall. It is shown that in a large number of successful concert halls the mid-frequency, fully occupied, reverberation time and the ratios of the volume to the total surface areas are nearly the same even though the volume per seat varies over a wide range. The bass index for a number of halls is discussed in relation to the weight of side walls and added sound absorbing materials. Finally, maximum and minimum seating capacities for shoebox-shaped, surround-shaped, and fanshaped concert halls are suggested.
BRIEF HISTORY 1
The highest rated halls acoustically were built before 1901. They are Grosser Musikvereinssaal in Vienna, Symphony Hall in Boston and Concertgebouw in Amsterdam. All three are shoebox in shape and have lightly upholstered seats. To listeners, the sound in them is beautiful, almost luxurious; because of the rich reverberation, the quantity of early reflections that give breadth to the music, the balance of tone among the orchestral sections, and the loudness that brings listeners to their feet following a fortissimo conclusion. Also the sound is nearly uniform throughout the seating areas and the players clearly hear each other.
Since the advent of the Berlin Philharmonie Hall in 1963, architects and owners have often placed beauty and novelty of architecture above acoustics. In Berlin nearly half of the audience is seated behind and to the sides of the stage. That hall has been a success even though the orchestral balance differs considerably from one seat location to another because the sounds of the various instruments are radiated in different directions, and because the listener is much closer to one part of the orchestra than to others. Nevertheless, many listeners enjoy being to the rear or sides of the orchestra so they can see the gestures and facial expressions of the conductor. Some say that at these locations they feel as though they were part of the performing group. With the piano lid up, listeners at the stage rear hear only the low notes. This is also true for soprano voices where the high tones are only projected forward.
CLARITY OF THE DIRECT SOUND
When a musical note is suddenly sounded on the stage, say by a violin, the sound radiates outward from the instrument and then strikes walls, ceiling, and audience. Each surface then reflects a sound wave that subsequently bounces around the room from one surface to another. At a listening position in Boston Symphony Hall located just off the center line and 2/3 the distance from the stage to the main-floor rear wall, i.e., 26 m from the stage, the rise in the energy density following the arrival of the first seven strongest reflections at a central seat is shown by the heavy line in Fig. 1 . The zero point on the bottom scale is the time at which the direct sound arrives. The direct sound of a played note will usually continue throughout the 70 ms span that follows. The dashed curve D(t) shows the rise in energy density which would occur if the equivalent energy were to be fed gradually into the hall instead of arriving in separated reflections. Hall after arrival of the first seven major reflections (unoccupied hall and at mid frequencies).
The first reflection is from the lowest side walls and the under surfaces of the first balconies. The second is from the under surfaces of the second balconies and their fronts. The third is from the back of the stage. The fourth is from the rear bends in the balcony fronts. The fifth is from the ceiling. And so on. This author's listening experience agrees with Griesinger's argument that the early reflections should not be so strong that they mask a person's ability to hear the direct sound clearly 2 . It is from the direct sound that one can clearly distinguish a succession of musical notes. Griesinger suggests a test as to whether the direct sound can be clearly heard is whether a listener can accurately judge the lateral direction from which the sound on stage is coming (some argue that clarity and lateral direction are not that closely related, but it seems obvious that if one can locate a source laterally accurately, the direct sound must be adequately clear). He states that if the direct sound is not clear the music will not be compelling-and one may tend to go to sleep. The interaction of the direct sound and the early reflections is discussed in greater detail in the Appendix to this paper.
It seems obvious from Fig.1 that one can hear the direct sound before the first reflection. The arrivals of the lateral reflections depend on the width of the hall, i.e., the narrower the hall the sooner they arrive. When the listener moves sideways from the center of the hall to a position near a side wall, the direct sound and the first reflection from that wall arrive at nearly the same time and the reflection from the opposite side wall comes at a later time. This creates a larger space between the direct and the new first reflection. At a position in-between, the side-wall reflection cones in so soon that due to the precedence effect it merges with the direct sound with the same result. At locations farther back in the hall the time between the direct and the first reflection becomes shorter.
EARLY LATERAL REFLECTIONS
It is almost universally agreed that properly-delayed early lateral reflections add to the quality of sound in a concert hall. Marshall 3 was the first to recognize their importance and he and Barron 4 devised a measure that is easily made using two readily available microphones. The ratio of their outputs determines a quantity called lateral fraction (LF). A more involved procedure uses two microphones at the entrances to the ear canals whose outputs are used to determine the interaural cross-correlation coefficient (IACC), a quantity that is somewhat superior to LF. The acoustical quality in a hall is better if a significant number of early lateral reflections occur before about 80 msec after arrival of the direct sound. This requirement is better fulfilled in shoe-box shaped halls than in other shapes. It is difficult in a surround hall to produce more than a couple of lateral reflections in that time period because the audience is usually on steeply raked seats surrounding the stage. In the Philharmonie Hall in Berlin, a surround hall, this problem is solved. There, the audience area is broken up into blocks, often called trays or vineyards. At the fronts of these blocks are reflecting surfaces that send lateral reflections outward. This means that any one block may experience lateral reflections arriving from other blocks.
In the Boston hall of Fig. 1 , the first, second and fourth reflections are from lateral directions. The total number of reflections of all strengths and directions in Boston is about 10 during the first 80 ms.
But these reflections can also be a problem. If a hall is too wide a large number of seats will hear the direct sound muddled. One example that the author experienced recently was in a well known hall with parallel side walls and a width of 34 meters. At a seat 12 m from the left wall and facing the first violins, back 14 meters, reflections from the right wall were too late and too high an amplitude that they overlapped and muddled the direct sound producing a clear double image. The time difference was 110 msec. Also a parallel-sided concert hall that is too narrow is a problem because the first reflection arrives too soon and is very loud, so that the direct sound is unclear a .
SEAT UPHOLSTERING
The degree of seat upholstering in a concert hall greatly affects the cubic volume of the hall as shown in the last two columns of Table 1 . [Note that all halls in the table have reverberation times at mid-frequencies of 1.9 to 2.1 s, which is considered to be ideal for today's symphonic repertoire.] In detail:
Volume and total surface area (V/S tot ): The ratio of the volume to the total area of the surfaces (walls, ceiling, audience and stage areas) is the same for all shapes, upholsterings, and seating capacities. The explanation for this is that in all halls, unless they are of unusual shape, the average distance between successive reflections, called "the mean-free-path," is equal to 4V/S tot 
The hall Volume per seat (V/N):
The volume per seat for halls with heavily upholstered seats is about 1.3 times that for halls with medium-upholstered ones, and 1.5 times for those with lightlyupholstered ones, both because the seats are larger and because they absorb more sound.
Average ceiling height:
The average ceiling height in a hall is equal to its volume V, divided by the area of the seating S T [which includes the areas of the aisles and the area of the stage]. In heavily upholstered seats this height is 10 percent greater than in halls with mediumupholstered seats and 30 percent greater than in halls with lightly upholstered seats. Remember that the area of the balconies is included in the total seating area. In Boston Symphony Hall, for example, only about 60 percent of the main floor area is beneath the ceiling. The remaining floor area is beneath the first balcony, and the area of the first balcony is mostly beneath the second balcony, and the distance between the second balcony and the ceiling is about half of that between the main floor center and the ceiling. Thus, the average ceiling height is 12.3 m compared to the center-hall ceiling height of 18 m.
a Typical chamber music halls are different. The audience is near the performers so that the direct sound is loud and the reverberation time is much shorter than in a concert hall. Table 1 . Physical dimensions of groups of halls with heavily-upholstered, medium-upholstered and lightlyupholstered seats. 1 All halls hae an occupied reverberation time at mid-frequencies of about 2.0 s. The three groupings are based entirely on the difference between the reverberation times before and after the seats are occupied. The upholstering can be (or not be) on front and back of the backrest, top and bottom of the seat bottom and top of and beneath the arm rests. It can vary in thickness and on the type of cloth or leather covering. A porous cloth that has been back sprayed so that it is non-porous also makes a significant difference. 
Concert

SOUND STRENGTH G IN DECIBELS 6
The loudness of the music in a concert hall is closely related to the average sound strength G in decibels. An increase of about 3 decibels is equivalent to doubling the size of the orchestra.
Available measured values of G in halls where heavily. Medium and lightly upholstered seats are known are shown in Table 2 The average strength G is about 0.8 decibel lower in halls with heavily upholstered seats as compared to those with medium upholstered seats. The difference comparing with lightly upholstered halls is about 2.7 dB. This difference in sound strength is most noticeable during loud crescendos. Table 2 . Measured acoustical quantities for halls for which G is available
THE BASS INDEX
The Bass Index is a measure of the strength of the bass sound compared to the middlefrequency sound: Bass Index is defined as the sound strength in decibels in the 125 Hz octave band minus the sound strength at mid-frequencies, i.e., G 125 -G mid , decibels. The sound strength G is measured in octave bands 125, 250, 500, 1000, 2000 and 4000 Hz and G mid is the average of the G's in the 500 and 1000 Hz bands.
Of the group listed in Table 2 , only the Royal Festival Hall has undergone extensive renovations. The volume was increased and the thin wood side walls were replaced with plaster walls. After the renovations there, both the mid-frequency and the low -frequency G's were increased, but the 125 Hz G was increased more than the mid-frequency G.
The Bass Index for most halls is determined by (1) the weight per square meter of side-walls and ceiling and (2) by the amount of sound absorption by those surfaces at mid-frequencies. In all halls it is associated with the reverberant sound field and not the early sound field. This is illustrated by the relatively lower Bass Index for Boston Symphony Hall. There the sound absorption in the reverberant field at 125 Hz is relatively high because about 20% of the ceiling is open grid for ventilation purpose. This is not true for the early sound in Symphony Hall where the sound reaches the ears of the listeners directly via reflections from the side walls, which are about 30 cm of heavy material (plaster on concrete block). People familiar with this hall who have tried different seat locations report that the bass is stronger in the front half of the main floor where the early sound is predominant than in the balconies farther back where the reverberant sound is predominant.
CHOOSING HEAVILY UPHOLSTERED SEATS
Advantages: With heavily upholstered seats the reverberation time RT (assuming about 2.0 s fully occupied at mid-frequencies) is nearly the same with and without audience--about 0.2 s difference. (With lightly upholstered seats the RT would be about 0.8 s higher.) Such a small difference in RT is an advantage for the musicians as the sound they hear is nearly the same during rehearsals as during concerts. Another advantage of this small difference is that one can choose his/her concert seats at rehearsals. Of course, heavily-upholstered seats can be more comfortable. In small halls, heavily-upholstered seats prevent the strength of the sound from being too loud.
Disadvantages:
The area per seat in halls with heavily upholstered seats is seen from Table 1 to be about 0.79 m . As seen in the last column, this means the average ceiling height for medium upholstered must be about 10% higher, and for lightly upholstered about 30% higher, for the same number of seats. The visual difference in the ceiling height is a factor in the architectural design. Certainly, the cost of construction of a larger hall is greater.
CHOOSING LIGHTLY UPHOLSTERED SEATS
Advantages: The higher G for concerts makes the hall excellent for the lighter music of the Baroque and Classical periods, without detracting from the halls response to music of the Romantic period. With the rear side of the backrest and the arm rests hard, high frequency sounds reflect and this adds to the brilliance of the high tones. With the lower ceiling height the hall may visually be more intimate and the cost is less.
Disadvantages:
The reverberation time increases considerably when the hall is unoccupied compared to occupied, i.e., it is up about 0.8 sec (from 2.0 to 2.8 sec). Of course, lightly upholstered seats are often less comfortable.
RANGE OF DIMENSIONS AND SUGGESTED SEATING CAPACITY
Shoebox-shaped Halls: In a shoebox-shaped hall, in accordance with the presentation above, if one is to hear successive notes clearly, un-muddled by late lateral reflections, the hall's width should not be greater than about 25 m. To avoid having early lateral reflections arrive too soon and mask the direct sound, its width should be larger than about 15 m. Audiences do not like to be seated too far from the performers. Thus listeners' distances should not exceed about 40 m measured from the edge of the stage.. With these restrictions and with seat and row-to-row spacing that are not larger than today's standards, the audience size should be limited to between 2200 and 800 seats. An orchestra in a hall with fewer seats will be too loud.
Surround-shaped Halls: Surround-shaped halls have been successful in part for visual reasons. Definitely, there are seats in front of the orchestra where the quality of the music is often as good as that in a shoebox-shaped hall and music aficionados seek out those locations. The most successful surround halls are located in cities like Los Angeles and Berlin, where tourists help keep a hall fully occupied because they go primarily to see the interesting architecture. Surround-shaped halls should not be too long, say, less than about 40 m measured from the edge of the stage. It is difficult to name a maximum width because the reason for locating the seats there is largely visual. In two successful surround halls with audiences of about 2200, the overall width (wall to wall) is about 40 m. These considerations suggest that a surround-shaped hall can hold larger audiences than a shoebox-shaped one, say up to 3200 seats. In any larger hall the sound will be weak. It hardly seems that a minimum size can be specified, because if the hall is too small it is not suited for seating around the stage for a full-sized symphony orchestra.
Fan-shaped halls:
A fan-shaped concert hall should be considered for audiences less than 800 and more than 3200. The Tanglewood Music Shed seating 5000 is a successful venue. With a small audience in a fan-shaped hall there are no lateral reflections to mask the direct sound and to add to the loudness, and this makes it better acoustically than a small shoebox-shaped hall.
There are many chamber music halls that are rectangular in shape, but the stages are smaller and the reverberation times are less than in halls for symphonic music.
ESTIMATING CONSTRUCTION COST, EXAMPLE
The information in this paper could be used to help the contractor estimate the construction cost of a concert hall. The example here assumes that the fully-occupied reverberation time at midfrequencies is planned to be between 1.9 and 2.0 s. 6. The sidewalls and ceiling weights per square meter must be decided on. For satisfactory bass, 10 cm thick concrete is suggested for both. If the strongest bass is desired, the side walls might be 20 cm thick and the ceiling 10 cm thick.
From the above, the contractor can be given the volume, the audience area, the stage area, the areas of the sidewalls and ceiling, and the weights of the walls and ceiling. Obviously, this information has to be fitted into the plans for the rest of the building, but it is an essential part needed to estimate the overall cost.
APPENDIX
Griesinger discusses clarity in general terms. 2 The essence of his paper as interpreted by this author is shown in Fig. 2 .
The area with closed circles is taken from Fig. 1 and represents the rise in strength of the reflected sound energy. The slope of the rise would be steeper in a hall with a lower reverberation time than the 1.9 sec (occupied) for the Boston Hall. The crosshatched area is associated with the direct sound. Obviously, the strength of the direct sound also sets the level of the reflected sound. The range of the direct sound shown here is from -20 to -10 dB relative to the energy level at which the reverberant sound builds up to at about 1.9 sec (zero db on the ordinate). Griesinger says that below -20 dB the direct sound will not cause firings of the nerve impulses in the hearing mechanism and that the range of 10 dB determines the principal quantity of firings associated with the direct sound.
If Area (B + C) is larger than Area (A+ C) the direct sound should be clearly heard, i.e., is not masked by the reflections. Since Area (B + C) for this position in Symphony Hall holds the equivalent of about 600 closed circles and Area (A + C) about 416 the difference between the two is 184 closed circles. The number of circles along the abscissa is 37. Dividing 184 by 37 = 5 vertical layers . Each vertical layer is 0.7 db, hence, 5 layers equals 3.5 dB. Following Griesinger further, if this number equals 3 dB it is called the "threshold of localization, LOC." Fig. 2 . Presentation of the early reflection sound field in Boston Symphony Hall in approximate conformance with Griesinger's theory about hearing the direct sound clearly. Figure 2 is for a position a little off the centerline and at r = 26 m. If the listener moves laterally to a side wall, the first reflection vanishes and the second (now-first) reflection arrives at 45 ms from the opposite wall. Thus, the ratio (B +C) to (A + C) becomes larger. At a position half-way between the center line and the wall, the first reflection arrives at 11 ms and the second at 39 ms. Owing to the precedence effect, the first reflection will join with the direct sound and the clarity of the direct sound will also be assured b .
For positions farther back in the hall, all the reflections come in earlier and soon the clarity requirement is no longer satisfied. Listeners report that the first row or two in the first balcony, center, of Boston's hall are as far back as clarity of the direct sound is achieved (r = 33-35 m).
